Summary Recovery of water status in water-stressed pistachio trees (Pistacia vera L. cv. Kerman) was investigated by subjecting trees to regulated deficit irrigation (RDI) (60% of crop evapotranspiration rate, ET c ) during stages I and II of fruit development (FD) followed by full irrigation during FD stage III (kernel-filling). Trees irrigated at 100% ET c throughout FD stages I, II and III served as controls. Water-stress severity was characterized by changes in soil water content and midday stem water potential (Ψ md ). Midday leaf conductance (g l ) and trunk diameter variation (TDV) were also measured. In RDI trees, the lowest Ψ md value, -1.8 MPa, occurred at the end of the RDI period. The corresponding value for the control trees was around -1.1 MPa. Although the RDI treatment affected gas exchange later than Ψ md , the greatest reductions in gas exchange (60% of control values) also appeared at the end of the RDI period. There were significant differences in TDV between control and RDI trees at the end of the RDI period. Although plant water status recovered within 20 days of resuming irrigation, the TDV values indicated a longer period might be necessary for complete recovery. Recovery of g l was faster than that of Ψ md , although differences in TDV between control and RDI trees indicated that gas exchange recovered later than Ψ md . The slow recovery of pistachio trees during FD stage III from water stress imposed during FD stages I and II suggests that irrigation should exceed 100% ET c during FD stage III or that more extensive irrigation should commence before the end of FD stage II.
Introduction
The pistachio tree is native to western Asia and Asia minor, where it is still found growing wild (Crane and Iwakiri 1981) . The most extensive pistachio orchards are in Iran (the world's foremost producer) and Turkey (the world's third producer). However, since the 1970s, the area occupied by pistachio trees in the USA (now the world's second largest producer) has been growing. Recent expansion has also occurred in Spain, where 3000 ha of new orchards have been planted in the last 15 years. Pistachio is a drought-and saline-resistant species (Behboudian et al. 1986 ). Orchards in Turkey, Spain and Italy are chiefly rain fed, but the world's most important producers commonly irrigate their plantations.
The economic value of pistachio crops is determined by the quantity of fruit per tree and the percentages of split, unsplit and blank fruits. Pistachio fruit growth is similar to that of almonds, although kernel development is delayed. The kernel only becomes macroscopically visible when stage II of fruit development (FD) has been underway for about 6 weeks (Crane and Iwakiri 1981) . Endocarp dehiscence may be related to a biochemical (Crane and Iwariki 1981) or physical phenomenon (Nevo et al. 1974 ), but it is clearly associated with seed development.
Pistachio trees show clear alternate bearing, even under irrigation. The fruit grows on 1-year-old fruiting wood, whereas leaves and buds develop on current-year growth. In other deciduous fruit trees, vegetative growth is depressed during the "on" year; however, in pistachio, alternate bearing is related to the number of shoots < 10 cm in length (where 80% of the yield is produced) and to bud fall Shackel 1998, Stevenson et al. 2000) .
The crop coefficient (K c ) of pistachio is one of the highest among deciduous fruit and nut trees (Fereres and Goldhamer 1990) . The irrigation schedule for both new and old orchards can therefore be optimized to harmonize water demand for agricultural and non-agricultural uses (Fereres et al. 2003) . Regulated deficit irrigation (RDI) is a system of managing soil water supply by imposing periods of water deficit on crops with no (or low) reduction in economic benefits (Behboudian and Mills 1997) . Phene et al. (1987) found that, in mature pistachio trees growing in shallow soils, a reduction in irrigation to 50% of the crop's evapotranspiration (ET c ) during FD stage II has no effect on final yield. Recently, Goldhamer et al. (2004) showed that a water deficit of 50% of ET c during FD stages I and II did not reduce the total amount of fruit and increased the percentage of shell splitting, though it also increased early splitting. Nevertheless, severe water deficit and a delay in recovery from water stress may reduce the benefits of RDI (Fereres and Goldhamer 1990) . Slow or incomplete recovery from water stress may affect current-year yield and that of the next crop, because pistachio shoot length and shoot initiation are highly sensitive to water stress . For peach (Besset et al. 2001 ) and pear (Marsal et al. 2002) trees, it has been suggested that less severe water stress (made possible by more accurate monitoring) may improve the results obtained with RDI. The water recovery capacity of each species of fruit tree should be assessed to determine the severity and duration of water stress that can be imposed.
The aim of the present work was to determine the physiological responses of pistachio trees to recovery of water status following RDI-imposed water stress during FD stages I and II. Water potential, gas exchange and trunk growth were monitored to determine the time course of rehydration and to study the water relations of the trees during FD stage III. In addition, the development of water stress, the severity of water stress reached, and soil water content were monitored over the entire growing season to evaluate the effects of the water stress on recovery during FD stage III. Table 1) . Trees in the control treatment received water to meet estimated ET c losses by fully replenishing all soil water extracted during FD stages I, II and III. To ensure the control trees were not subjected to water stress, irrigation was increased by 10% of ET c if the midday stem water potential (Ψ md ) fell below -1.0 MPa. Trees in the RDI treatment received 60% of ET c during FD stages I and II, and the same amount of water as the control trees during FD stage III.
Material and methods

Experimental site and plant material
The irrigation water was saline and had high concentrations of nitrate (EC 3.4 dS m -1 ; SAR 1.4: NO 3 − 66 mg 1 -1 ; pH 7.2; HCO 3 − 362 mg 1 -1 ). In 2003, trees in both treatments were in the off year.
Irrigation regimes
The amount of water provided was calculated on the basis of ET c according to the FAO method (Doorenbos and Pruitt 1974) and K c . We used the mean of the K c values suggested by Goldhamer (1995) for pistachio trees growing under Californian conditions. The K c values, corrected for canopy size (Fereres and Goldhamer 1990) , were 0.39, 1.06, 1.14 and 0.6 for stage I, stage II, stage III and postharvest, respectively. The reference evapotranspiration (ET o ) was estimated by the Penman-Monteith equation with data obtained daily from a nearby automatic weather station (3.5 km from the experimental orchard).
Soil water content and evapotranspiration measurements
Soil water content was measured with a portable capacitance probe (Diviner 2000, Sentek Sensor Technologies, Australia) using the default calibration supplied by the manufacturer. The data therefore reflect relative changes in soil water content. Six 1.5-m-long access tubes were placed between two trees in each treatment plot in unwetted areas and areas wetted by the emitters. One access tube was placed at the center of each moisture zone and its reading taken as representative of the soil water content. A weighted average based on the area of each moisture zone was calculated to determine the soil water content. Weekly measurements were taken every 10 cm between soil depths of 0.1 and 1 m. The depth of the soil in the experimental orchard was 1.3 m.
To calculate ET c , we divided the growing season ("day of the year" (DOY) 113 to DOY 288) into rainy and dry periods. During the dry period, (from DOY 133 to DOY 261) rain was scarce (19 mm in three events) and deep percolation was assumed to be negligible. This period included most of the growing season because bloom occurred on DOY 113 and harvest on DOY 266. The ET c during the dry period was calculated as:
( )
where θ 1 and θ 2 are soil water content on the first and the last days of the period considered; I is irrigation provided (mm); and R is rainfall. The rainy periods occurred at the beginning of the growing season (from DOY 113 to DOY 132) and at the end (from DOY 262 to DOY 288). During the rainy periods, deep percolation did not allow for precise ET c estimates with Equation 1 and it was thus calculated by the FAO method (Doorenbos and Pruitt 1974) :
where ET o is the reference evapotranspiration; K c is the crop coefficient; and K r is a coefficient to correct for incomplete ground cover by the trees. We estimated ET o as described previously. The same values for K c and K r were used in both treatments. The K c values were those reported by Goldhamer (1995) , and a value of 0.2 was estimated for K r (Fereres and Goldhamer 1990) .
Capacitance probe measurements were combined with data on the volume of water provided to determine the ET c for the treatments (Table 1 ). The final measurement of ET c in each plot (Table 1) indicated that water consumption in the RDI treatment was 96% of the control ET c .
Plant water relations
Midday stem water potential was determined to evaluate the water status of the trees. Fully expanded leaves on branches near the main trunk were covered with aluminum foil for at least 1 h before their removal between 1200 and 1400 h. We then measured Ψ md in one leaf per tree from four trees per treatment with a pressure chamber (Soil Moisture Equipment, Santa Barbara, CA). Because pistachio leaves exude turpentine, a piece of blotting paper was used to determine the end point of the water potential measurement. Turpentine cannot moisten blotting paper but the contents of the xylem can.
Trunk diameter variations (TDV) were measured with a linear variable differential transformer (LVDT; Model DF 2.5 Solartron Metrology, West Sussex, U.K.) mounted in a holder made of aluminum and INVAR, an alloy composed of 64% Fe and 35% Ni that shows minimal thermal expansion. The sensors were attached to the trunks of the four trees from which Ψ md was determined, plus another two trees from each treatment, and monitored from the end of June. Measurements were taken every 30 s and 15-min means were recorded by a data logger (Model CR21X, Campbell Scientific, Logan, UT). The daily TDV cycle provides three indices; the maximum daily diameter (MXDD) at the beginning of the day; the minimum daily diameter (MNDD) in the afternoon; and the maximum daily shrinkage (MDS), the difference between MXDD and MNDD. Trunk growth rate (TGR) was calculated as the difference between two consecutive MXDD readings. Tree water status was described on the basis of MDS and TGR, which are the suggested indicators for irrigation scheduling (Goldhamer and Fereres 2001) .
Abaxial leaf conductance (g l ) was measured with a steadystate porometer (Model LI-1600, Li-Cor, Lincoln, NE) between 1200 and 1400 h on the central foliole of three sunlit, fully expanded leaves per tree on the same four trees per treatment for which Ψ md was measured.
Statistical analyses
The main treatment effects were examined by analysis of variance (ANOVA). Differences between the means' separations were analyzed by Tukey's test.
Results
Plant and soil water status
The first measurement of soil water content was after the last rainy period. We assumed that this measurement approximated the upper limit of soil capacity because 17.2 mm of rain fell during the previous three days. The relative changes in soil water content showed that the control trees used part of the soil water reserve. Therefore, during the year in which the experiment took place, the upper limit of soil capacity was not maintained in the control treatment until DOY 185 ( Figure 1A ), at which time steady values were reached in both treatments. The water content of the profile began to recover with the rains in October, and recovery was complete by the end of the season.
At the beginning of the experiment, Ψ md values were similar (about -0.8 MPa) in trees in both treatments ( Figure 1B) . From DOY 139 on, Ψ md declined in trees in both treatments, but the reduction was larger in the RDI trees, resulting in significant treatment differences (P < 0.05). The greatest treatment differences in Ψ md occurred between mid FD stage II (DOY 171) and early FD stage III (DOY 217), even though the recovery period began on DOY 185. During the period from DOY 171 to DOY 217, the only time when there were no significant differences (P > 0.05) in Ψ md between control and RDI trees was on DOY 185. The minimum Ψ md in RDI trees was -1.73 MPa at the end of FD stage II, and thereafter it tended to increase. There were no significant differences (P > 0.05) in Ψ md between control and RDI trees from DOY 225 to DOY 246. Although significant differences (P < 0.05) in Ψ md between control and RDI trees were recorded on the last two dates of the experiment (DOY 258 and 288), Ψ md of RDI trees was higher than -1.3 MPa from DOY 225.
Midday leaf conductance (g l ) was highest at the beginning of the experiment (around 500 mmol m -2 s -1 ; Figure 1C ). During FD stage II, g l fluctuated between 300 and 400 mmol m -2 s -1 in control trees. Compared with the control trees, g l in the RDI trees was significantly lower (P < 0.05) from mid FD stage II (DOY 171) until early FD stage III (DOY 217), varying between 200 and 300 mmol m -2 s -1 . During FD stage III, g l tended to decrease even in the control trees, until no significant treatment differences (P > 0.05) were found (DOY 225 to harvest on DOY 266).
Trunk diameter variations
We monitored MDS from the end of FD stage II until postharvest. The trends in both treatments were similar, with maximum values at the beginning of (Figure 2A) , whereas the corresponding values for the RDI trees were 0.51 mm at the beginning of the season, falling to below 0.10 mm. Values of MDS < 0.10 mm appeared earlier in the control trees than in the RDI trees (Figure 2A ). Significant treatment differences (P < 0.05) in MDS were found only in the periods from DOY 170 to DOY 172 and from DOY 218 to DOY 239.
The TGR also decreased in both treatments ( Figure 2B ) with three apparent phases. From DOY 174 to DOY 196, TGR was nearly constant and above 0.15 mm day -1 in the control trees. The TGR then decreased gradually to around 0.01 mm day -1 on DOY 242. The RDI trees showed a similar trend with the same phases, although with lower values. From DOY 223 onwards, TGR was negligible in the RDI trees and from around DOY 262 it was negligible in the controls. Values of TGR differed significantly (P < 0.05) between control and RDI trees only from DOY 183 to DOY 194 and DOY 215 to DOY 232. 
Discussion
The recovery of water relations in pistachio trees after 47-days of water stress in FD stages I and II was probably complete 20 days after resumption of full irrigation, when both g l and Ψ md approximated control values, although MDS and TGR had not fully recovered then (Figures 1 and 2) . The traditional RDI for pistachio trees allows mild water stress in FD stage I, greater stress (25-60% ET c ) during FD stage II, and relief from water stress during FD stage III (Goldhamer 1995 , Goldhamer et al. 2004 ). Based on our findings, RDI strategies may need to be reformulated for pistachio trees in order to obtain a more rapid recovery at FD stage III. Applying water in excess of 100% ET c during FD stage III, or allowing shorter water stress periods, would achieve this goal (Marsal et al. 2004) . In peach, mild water stress, even during highly sensitive phenological stages, may not affect the final harvest (Besset et al. 2001 ). In our study, the RDI tree harvest (total and percentage of split fruit) was not significantly reduced (data not shown), even though pistachio harvests are very sensitive to water stress , Kanber et al. 1993 . In FD stage III, although the RDI trees had lower Ψ md than the controls, their Ψ md values were higher than -1.3 MPa from DOY 225. Shackel et al. (1994) concluded that Ψ md values of between -1.0 and -1.5 MPa are not associated with negative effects on tree productivity. Nevertheless, TGR was lower and inhibited sooner in RDI trees than in control trees during FD stage III (Figure 2 ), reflecting the high sensitivity of growth to mild water stress (Bradford and Hsiao 1982) . Pistachio trees are considered drought-resistant (Behboudian et al. 1986 ). Figure 1 shows that they undergo partial dehydration before stomatal closure. Behboudian et al. (1986) reported a reduction in leaf conductance when the water potential decreased in potted pistachio trees. The experimental conditions (the field in our study, pots in the study of Behboudian et al. (1986) ) may affect the severity of the water stress imposed. However, recovery was faster for g l than for Ψ md (Figure 1) . Rieger (1995) reported that potted Pistacia intergerrima L. plants recovered their stomatal conductance within 12-24 h after rewatering following a drought of 25-45 days, although root resistance to water movement was still affected. The rapid recovery of g l in pistachio trees may reduce the effect of water stress on fruit yield, although trunk growth may still be affected.
Resistance to dehydration is a common characteristic of fruit trees in arid regions. Extremely low water potentials have been reported in orange (Fereres et al. 1979 ) and olive trees (Moriana et al. 2002) under field conditions. In orange (Fereres et al. 1979) , olive (Moriana et al. 2002) and almond trees (Romero et al. 2004) , the recovery of gas exchange is frequently slower than that of Ψ md after severe drought. However, the recovery of fruit trees from water stress is probably related to the severity and duration of the water stress experienced (Bradford and Hsiao 1982) . According to the ET c (Table 1) and g l (Figure 1 ) data, the stress imposed in our experiment was less severe than in the studies mentioned above. In addition, although g l recovered before Ψ md , MDS (which is traditionally associated with gas exchange (Herzog et al. 1995) ), differed significantly between control and RDI trees even after Ψ md had recovered (Figures 1 and 2 ).
The period of recovery from water stress during FD stage III was longer than expected. The slow recovery may be associated with both the reduction in g l at the end of FD stage III and the slow recovery of Ψ md . We conclude that, to avoid water stress during FD stage III, irrigation should be higher than 100% ET c during FD stage III or irrigation should be increased toward the end of FD stage II.
